t herapeutic hypothermia improves neurodevelopmental outcomes in neonates with moderate or severe perinatal hypoxic-ischemic encephalopathy (HIE), and is now the standard of care therapy for this population in first world countries (1) . However, even with hypothermia, moderate to severe neurologic impairment or death is still common, occurring in up to 40% of neonates (2) (3) (4) (5) (6) . The development of additional therapeutic treatment options for neonates with HIE is needed.
Recombinant human erythropoietin (Epo), a cytokine known more for its role in erythropoiesis, is a promising neuroprotective treatment in neonatal brain injury. In several animal models of neonatal hypoxic-ischemic brain injury, high-dose Epo has been shown to reduce brain injury and improve sensorimotor function (7) (8) (9) (10) (11) (12) (13) . Epo appears to produce its neuroprotective effect through several mechanisms of action including antiapoptosis, anti-inflammatory, antioxidative, and neurotrophic effects (14) . In line with animal studies, two small clinical studies found Epo improved short-term neurological outcomes in neonates with HIE not undergoing hypothermia (15, 16) . Most recently, a placebo-controlled, randomized, double-blind phase II clinical study in neonates with HIE receiving hypothermia demonstrated Epo-treated patients had less brain injury on MRI and improved motor outcomes at 12 mo (17) .
As Epo is advanced in clinical development for use in neonates with HIE receiving hypothermia, an understanding of its pharmacokinetics will be important. This is especially pertinent for neonates with HIE receiving hypothermia who frequently have alterations in drug pharmacokinetics and unique dosing needs (18) (19) (20) . Additionally, much higher doses of Epo are needed for neuroprotection compared to doses used for treating anemia (100-500 U/kg/dose). For example, Epo 5,000 U/kg up to three doses was found to be most protective in animal models of neonatal brain injury (13) . This dose results in a maximum concentration (C max ) ~10,000 mU/ml and an area under the plasma concentration-time curve during the first 48 h of treatment (AUC 48 ) of ~140,000 mU*h/ml in rats and serve as a potential exposure targets for neuroprotection in neonates (21) . The objective of the current study was to evaluate the population pharmacokinetics of Epo in neonates with HIE receiving hypothermia using concentration data collected as part of previous phase I and phase II clinical studies, and to apply the information gained to support dosing strategies for future clinical efficacy studies.
METHODS

General Study Design
We performed a population pharmacokinetic analysis of Epo in neonates with HIE receiving therapeutic hypothermia using data collected as part of two previous prospective clinical trials: (i) a multicenter, open-label, dose-escalation study of Epo ("Phase I"; NCT00719407) Articles Frymoyer et al. (22) and (ii) a multicenter, randomized double-blinded, placebocontrolled study of high-dose Epo ("Phase II"; NCT 01913340) (17) . Each study received institutional review board approval at participating hospitals and was registered with the US Food and Drug Administration (Investigational New Drug 102 138). Informed consent was obtained for all patients.
Patients
Neonates were ≥ 36 wk gestational age diagnosed with moderate to severe perinatal HIE, treated with therapeutic hypothermia (target temperature 33.5 °C). Criteria for hypothermia at each center were similar to the CoolCap (2) or National Institute of Child Health and Human Development studies (23) . The duration of hypothermia therapy was planned for 72 h. Additional exclusion criteria for both studies included: age at time of consent >23.5 h, congenital anomaly, suspected genetic syndrome, birth weight <1,800 g, head circumference <2 SDs below the mean, no indwelling intravenous line, or withdrawal of care being considered because of moribund condition.
Erythropoietin Administration
Epo was administered intravenously (IV) over 5 min followed by normal saline flush. In the phase I study, Epo was given every 48 h for a maximum of six doses. Four Epo doses were examined: 250 (n = 3), 500 (n = 6), 1,000 (n = 7), or 2,500 (n = 8) U/kg/dose. In the phase II study, neonates who were randomized to the treatment group (n = 24) received Epo 1,000 U/kg every 24 h for three doses followed by every 48 h for two doses. For both studies, the first Epo dose was given within 24 h of birth.
Pharmacokinetic Sampling
In the phase I study, an intensive pharmacokinetic sampling strategy was utilized, and blood was collected 0 (predose), 0.5, 1, 3, 6, 12, 24, and 48 h after the first Epo dose. Additional blood samples were collected 0.5 h after the second dose, 48 h after the fifth dose, and 0.5 h after the sixth dose. In the phase II study, a sparse pharmacokinetic sampling strategy was utilized, and blood was collected 0 (predose) and 0.5 h after the first Epo dose and 48 h after the third dose. Neonates in the placebo group of the phase II study also had pharmacokinetic sampling performed at the same times relative to the placebo (normal saline) dose.
Plasma Epo concentrations were determined via the Quantikine IVD Human Epo Immunoassay (R&D Systems, Minneapolis, MN) in the phase I study and the MSD Human Epo base kit (Meso Scale Diagnostics, Rockville, MD) in the phase II study. Samples were measured in duplicate and the average value was used. For the Quantikine assay, the lower limit of quantification is 2.5 mU/ml, and within-run and between-run coefficients of variation were ≤ 11%. For the MSD assay, the average lower limit of quantification is 1 mU/ml, and withinrun and between-run coefficients of variation were ≤ 10% for for concentrations >10 mU/ml and < 20% for concentrations ≤10 mU/ml.
Population Pharmacokinetic Analysis
A population pharmacokinetic model was developed from the Epo concentration time data using the nonlinear mixed-effects modeling program NONMEM (Version VII, Icon Development Solutions Dublin, Ireland). Each Epo concentration was normalized by subtracting the median concentration in the placebo group of the phase II study using the closest sampling time point to account for any effect of endogenous erythropoietin. The first-order conditional estimation method with interaction was used throughout the model building and evaluation process. Both one-, two-, and three-compartment models with first-order elimination were examined, parameterized in terms of clearance (CL), inter-compartmental clearance (Q), central (V 1 ) and peripheral (V 2 ) volume of distribution. In addition, based on prior reports of nonlinear (i.e., dose dependent) kinetics in preterm infants receiving Epo, models incorporating Michaelis-Menten elimination parameterized in terms of V max (maximum rate of elimination) and K m (concentration at which the reaction rate is half of V max ) were examined (24) (25) (26) Interindividual variability in pharmacokinetic parameters was evaluated using an exponential error model. To model the residual (or intraindividual) variability, both additive and proportional error models were evaluated. Selection between structural models was based on the difference in the NONMEM objective function value (OFV) and visual comparison of standard diagnostic plots. The difference in OFV between two models has an approximate χ 2 distribution with degrees of freedom equal to the difference in the number of parameters between models. Significance was set at a decrease in OFV larger than 10.83, corresponding to a P < 0.001.
Once the structural pharmacokinetic model was established, the covariate model was developed. An allometric model of birth weight was first implemented to account for the influence of body size on clearance and volume of distribution. The allometric exponents were fixed to 0.75 for CL and Q and 1 for V 1 and V 2 (27, 28) . Next, the potential effect for maturational changes in neonates was explored using either a power function of gestational age (GA) or postmenstrual age as a predictor of CL and V 1 . Additional biologically and/ or clinically plausible covariates were also evaluated for their influence on pharmacokinetic parameters and included postnatal age, highest serum creatinine during treatment (SCr), highest alanine aminotransferase during treatment (ALT), biomarkers of severity of hypoxic-ischemic injury (e.g., lowest blood pH, highest blood base deficit, APGAR score at 5 min), small for gestational age status, and study enrolled (e.g., phase I vs. phase II). The effect of a continuous covariate on a parameter was modeled using a power function. Continuous covariates were scaled to their median values. Categorical covariates were modeled proportionally, that is, the fractional change in clearance when the categorical covariate was true.
The covariate model was built using a standard forward addition backward deletion procedure. Covariates were added in a stepwise manner to the model in the order of their reduction in the OFV. During forward stepwise addition, a covariate was allowed to enter the model as long as the decrease in OFV due to its addition was larger than 3.84, corresponding to a P < 0.05. After the stepwise addition terminates, the model is pruned using backward elimination. Covariates were eliminated one at a time, until the removal of a covariate results in an OFV increase of more than 10.83, corresponding to a P < 0.001.
To evaluate the accuracy and stability of the final pharmacokinetic model, a nonparametric bootstrap resampling method was performed using the NONMEM support software Perl-speaks-NONMEM (PsN, Version 3.6.2 University of Uppsala, Uppsala, Sweden). A total of 1,000 bootstrap datasets were generated from the original data set by repeated sampling with replacement, and the final pharmacokinetic model was used to estimate model parameters for each data set. In addition, the final pharmacokinetic model was assessed using an internal evaluation procedure by computing the normalized prediction distribution errors (NPDE) of 5,000 simulated datasets compared to the observed dataset (29, 30) .
Dose-Exposure Relationship
To better understand Epo exposure after each dosing regimen, the cumulative area under the plasma concentration-time curve during the first 48 h (AUC 48 h ) and 7 d (AUC 7 d ) of dosing was calculated in NONMEM for each neonate by integrating Epo concentration in the central compartment. The maximum concentration (C max ) observed after the first dose was also summarized for this group. In addition, the percentage of children that achieved an AUC 48 h 140,000 mU*h/ ml and C max 10,000 mU/ml were calculated for each Epo dosing regimen. These targets were chosen based on exposures reported to be associated with neuroprotection in a rat model of neonatal hypoxic ischemic brain injury (21) . Lastly, the Epo concentration-time course in a typical study patient (birth weight 3.4 kg) was predicted using the final pharmacokinetic model for a 1,000 U/kg dose given per the phase I and phase II dosing schedule. Statistical analyses of the data and figure productions were performed using Microsoft Excel (Version 15 Redmond, WA) and STATA 13 (StataCorp LP, College Station, TX).
RESULTS
Patients and Epo Concentrations
In total, 48 neonates with HIE treated with hypothermia received high-dose Epo as part of a previous phase I or phase II clinical study (17, 22) . Patient characteristics by study are shown in Table 1 . Of the 24 neonates in the phase I study, the median (range) number of Epo doses was 5 (2) (3) (4) (5) (6) . Nine patients received all six doses. Epo was discontinued early for the following reasons: discharged home (n = 10), lost IV access (n = 4), or had a protocol violation that prompted discontinuation of Epo (n = 1). Of the 24 neonates in the phase II study, 22 received all 5 doses, one received 4 doses, and one only received 1 dose due to redirection of care. This latter neonate did not have concentration data available for analysis, and therefore, 47 neonates contributed Epo concentration data. No concentrations during Epo administration were below the limit of quantification. One concentration drawn 48 h after third dose had the same reported time of collection as the time of administration of the fourth dose and was an outlier (concentration 6,699 mU/ml vs. next highest concentration at this time point 1,820 mU/ml). Therefore, it was not included in the analysis. This resulted in a total of 265 Epo concentrations available for pharmacokinetic analysis.
Population Pharmacokinetic Analysis
The time course of Epo plasma concentration data was best described by a two-compartment model with first-order elimination and an exponential error model for inter-patient variability on CL. A two-compartment model was significantly better than a one-compartment model based on visual inspection of diagnostic posts and change in objective function (∆OFV -157; P < 0.001). A three-compartment model did not provide any further statistical improvement. When nonlinear Michaelis-Menten elimination was examined, the model in essence reduced to a first-order elimination model based on the estimate of K m (=1,520,000 mU/ml) being much higher than Epo plasma concentrations observed. Estimates of the interpatient variability on V 1 approached zero and could not be estimated with any precision using the available data. Removal of this random effect on V 1 did not change the statistical fit of the model or the goodness-of-fit plots, and therefore, it was removed from the final model. The residual variability (or intrapatient variability) was best described by a proportional error model. Once the structural model was established, the covariate model was developed. The addition of birth weight scaled using fixed allometric exponents significantly improved the model (∆OFV −53.8; P < 0.001). If the exponent defining the allometric relationship of birthweight on CL and Q was allowed to be estimated, a value of 1.27 was found (∆OFV −7.7 compared to model with a fixed exponent of 0.75; P < 0.01). The marginal improvement in statistical fit along with the limited sample size and narrow range of birth weight in the current study did not support updating the exponent from 0.75, which has strong theoretical justification and a large amount of prior knowledge to support (27, 28) .
After incorporating birth weight in the model, only postnatal age was identified as a significant predictor of CL (∆OFV −8.8; P < 0.05) during forward stepwise addition. However, during backward elimination, this covariate did not meet the statistical criteria of P < 0.001 for remaining in the final model. In addition, the exponent defining the relationship between postnatal age and CL could not be estimated with any precision, and the 95% confidence interval of the exponent crossed 0 (i.e., postnatal age had no effect on CL). Therefore, postnatal age was removed from the final model. No other significant covariates were identified.
The final population pharmacokinetic model parameter estimates are presented in Table 2 . In general, observed vs. population predicted concentrations showed no systemic bias, and the weighted residuals were homogeneously scattered (Figure 1; Supplementary Figure S1 online). Observed and model predicted concentrations for several individual patients are also shown in Supplementary Figure S2 online. The parameter estimates as found by bootstrap were in agreement with those obtained by the final population pharmacokinetic model ( Table 2) , indicating reliability of the final model estimates. Internal model evaluation also demonstrated that the final model performed well in describing the observed data. The NPDE mean was 0.07 (95% CI: −0.05-0.19) and variance was 0.98 (95% CI: 0.78-1.2). The theoretical NPDE mean is zero with a variance 1.0. The percentage of observations that fell inside the theoretical 90% prediction interval were 89.4%. In addition, there were no major trends in NPDE across predicted concentration, time, or birth weight ( Supplementary  Figure S3 online) .
Lastly, the endogenous erythropoietin levels in the placebo group of the Phase II study were median (IQR) 12.2 (8.9-42.6) U/l, which are very low relative to concentrations resulting 
Dose-Exposure Relationship
Epo exposure following dosing in each neonate was calculated using the final pharmacokinetic model. AUC during the first 48 h of dosing (AUC 48h ) increased with dose amount and more frequent administration (Figure 2a ; Table 3 ). For example, at a dose of 1,000 U/kg the median (IQR) AUC 48 h was 114,180 (102,850-120,650) mU*h/ml for those receiving every 48 h and 191,300 (177,510-209,160) mU*h/ml for those receiving every 24 h. For a given dosing regimen, variability in AUC 48 h was low (CV% 7.8-12.1%). The AUC 48 h target of 140,000 mU*h/ml was not achieved in any neonate (n = 0/7) who received a dose of 1,000 U/kg every 48 h, however all neonates (n = 23/23) who received a dose of 1,000 U/kg every 24 h for the first 2 d achieved this target. C max after the first dose increased with dose amount (Figure 2b; Table 3 ). The C max target of 10,000 mU/ml was only achieved in neonates who received doses of 1,000 U/kg (n = 25/30; 86%) or 2,500 U/kg (n = 7/7; 100%). The cumulative AUC during the first 7 d of dosing (AUC 7d ) are also shown in Table 3 . At a dose of 1,000 U/kg every 24 h for 3 doses followed by every 48 h, the additional dose during the first 2 d of therapy in the phase II study resulted on average in a 19% higher exposure over the first 7 d compared to the neonates in the phase I study who received 1,000 U/kg every 48 h. The predicted Epo concentration-time courses in a typical study neonate with HIE receiving 1,000 U/kg per the phase I and phase II dosing schedule are shown in Figure 3 . By day 6 of therapy, Epo concentrations are similar between the two dosing schedules with minimal residual exposure from the additional dose given during the first 2 d of therapy per the phase II dosing schedule.
DISCUSSION
This is the first study to describe the population pharmacokinetics of high-dose Epo in neonates with HIE receiving hypothermia. Epo pharmacokinetics was adequately described by a two-compartment model with linear elimination. A major study finding was that after accounting for the effect of birth weight, the pharmacokinetics of Epo was generally consistent between neonates and interpatient variation was small. The clinical implication of these findings is that weight-based Epo dosing (i.e., U/kg) will result in similar exposure for a given dose across neonates with HIE receiving hypothermia.
Neonates with HIE receiving hypothermia represent a unique population from a pharmacologic perspective, and the direct examination of the pharmacokinetics of drugs used in this 
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Articles population will be helpful to guide dosing (31) . In the current study, we developed a population pharmacokinetic model of Epo in neonates with HIE receiving hypothermia. Weight was identified to be a significant predictor of both clearance and volume which is consistent with our current understanding on the importance of body size as a primary covariate impacting the pharmacokinetics of drugs in infants and children (27) . After incorporating weight, no impact of developmental maturation on Epo clearance was found using gestational age as a surrogate. The elimination pathway of Epo is not completely understood, but traditional routes of hepatic metabolism and renal elimination, for which maturational changes in neonates are well-established, are likely not involved (32) . Instead Epo clearance appears more likely to be mediated via receptormediated uptake and degradation by hematopoietic and possibly even nonhematopoietic cells (33, 34) . The current study likely had low power for detecting a maturational effect on this process as only neonates with gestational age > 36 wk qualify for hypothermia and were therefore studied. The ontogeny of this complex physiologic regulatory process remains to be elucidated.
For a typical study neonate with HIE receiving hypothermia, Epo clearance was 8.3 ml/h/kg. This is lower than a previously reported clearance of 13.1 ml/h/kg in preterm neonates who were not undergoing hypothermia and received high-dose Epo 1,000 U/kg (26). The difference in Epo clearance may be due in part to maturational effects, organ dysfunction associated with global hypoxic insult, the effect of hypothermia, and/or other Articles Frymoyer et al.
unknown factors. As a result of this difference in clearance, neonates with HIE receiving hypothermia will have on average more than 50% higher exposure after an Epo dose of 1,000 U/kg than preterm neonates. Similar to our study findings, lower clearance of darbepoetin (a long-acting erythropoiesis-stimulating agent) was also found in neonates with HIE receiving hypothermia compared to preterm neonates (35, 36) . Nonlinear elimination of Epo has previously been reported in preterm neonates (24) (25) (26) . However, we were unable to appreciate nonlinear elimination of Epo in the current pharmacokinetic model. Nonlinear elimination is most often seen for drugs when saturation of a major elimination pathway occurs. Since all neonates in our analysis received frequent, high-dose Epo and approximately 80% (n = 39/47) received doses ≥1,000 U/kg, nearly complete saturation of an elimination pathway (i.e., Epo receptor-mediated uptake and degradation (33, 34) ) could have been present and other nonsaturable elimination pathways may have become important. In addition, the effect of hypothermia and hypoxic injury on the elimination pathway(s) of Epo is not known but could have impacted the pharmacokinetics. This may be supported by the lower clearance in neonates with HIE receiving hypothermia compared to preterm neonates as described above. Lastly, linear elimination has also been described for darbepoetin in neonates with HIE receiving hypothermia in a previous population pharmacokinetic analysis (35) .
Epo is traditionally used in preterm neonates for the treatment of anemia of prematurity. Insight into its nonhematopoietic effects including antiapoptosis, antiinflammatory, antioxidative, and neurotrophic properties in the brain have led to its development as an exciting potential neuroprotective therapy in neonates with HIE (14) . In animal models of hypoxic-ischemic brain injury, treatment with Epo has repeatedly demonstrated improved neurologic outcomes and has been shown to be safe (7) (8) (9) (10) (11) (12) (13) . For neuroprotection, much higher doses of Epo are required (1,000-5,000 U/kg/ dose) compared with doses used for the treatment of anemia (100-500 U/kg/dose). This is likely due in part to the fact that Epo is a large glycosylated protein (molecular weight >30,000 Daltons) leading to low permeability across the blood-brain barrier (BBB). However, hypoxic-ischemic injury is known to disrupt the BBB and increase the permeability of large proteins (37) (38) (39) . Indeed, concentrations of Epo are higher in the brain in rats treated with high-dose Epo after expose to hypoxicischemic injury (21) . Additionally, cerebral spinal fluid/brain concentrations of Epo have been found to strongly correlate with plasma exposure (21, 40, 41) . Therefore, an understanding of Epo pharmacokinetics in plasma will be helpful to guide the clinical development and dosing of high-dose Epo in neonates with HIE. This is especially true given the impracticality of sampling brain concentrations of Epo in neonates.
The current pharmacokinetic analysis took advantage of Epo plasma concentrations measured as part of two prospective clinical studies conducted in neonates with HIE receiving hypothermia (17, 22) . The first was a phase I dose-escalation study in 24 neonates, which in addition to demonstrating safety, helped shed initial light on the dose needs in this population. In this phase I study, a dose of 1,000 U/kg every 48 h was found to most closely approximate the Epo exposure associated with neuroprotection in rats (AUC 48 h ~140,000 mU*h/ml; C max ~10,000 mU/ml) (21) . However, the exposure in neonates with this dosing was still slightly lower than the target for neuroprotection in rats, and no neonates achieved an AUC 48 ≥ 140,000 U*h/l during the first 48 h of therapy. Accordingly, in the phase II randomized controlled study, the dosing interval was shortened to 1,000 U/kg every 24 h for the first 2 d of therapy in an attempt to ensure adequate exposures early on after injury. In the phase II study, a clinical benefit was seen in the Epo treated group with this dosing strategy in terms of brain MRI findings and motor function at 12 mo (17) . The current pharmacokinetic analysis of concentration data from this phase II study supports the more frequent dosing regimen, since all neonates achieved (and exceeded) the AUC 48 h target of 140,000 mU*h/ml during the first 48 h. In addition, variation in exposure between neonates was low. Taken together, further confidence is gained in moving the same Epo dosing strategy forward for the planned large phase III efficacy study of neonates with HIE receiving hypothermia (NCT# 02811263).
The optimal duration of Epo dosing after hypoxic-ischemic injury is not known, but prolonged Epo exposure after injury may be beneficial. In animal models, rats treated with three 5,000 U/kg doses of Epo during the first week after injury had a greater benefit than those treated with just a single dose (13) . Epo has even been shown to be effective when started more than 2-3 d after brain injury (42) (43) (44) . To gain an estimate of the overall exposure in rats after three 5,000 U/kg doses of Epo, we calculated a cumulative AUC of ~350,000 mU*h/ml (= total dose ÷ clearance = 15,000 U/ kg ÷ 0.042 l/h/kg) (21) . In our phase I and phase II studies of Epo, all neonates that received at least four doses of 1,000 U/kg had an AUC >430,000 mU*h/ml during the first 7 d of therapy. Darbepoetin, an erythropoiesis stimulating agent with a longer circulating half-life, is also being investigated for neuroprotection in HIE (45) . In contrast, a 10 μg/kg dose of darbepoetin in neonates with HIE receiving hypothermia resulted in an erythropoietin AUC ~180,000 mU*h/ml during the first 7 d of treatment (45) . Further understanding regarding the optimal duration of dosing and exposure of erythropoiesis-stimulating agents in neonates will be helpful as clinical development advances.
A limitation to our study is the narrow range of gestational age of neonates. This limitation is inherent to studying neonates with HIE as a gestational age > 36 wk is current criteria to qualify for hypothermia as based on the original randomized controlled trials. If future clinical studies support expanding hypothermia to preterm neonates with HIE, caution is warranted in terms of extrapolating the developed population pharmacokinetic model and study findings to the preterm population. An additional limitation is the exposure matching approach utilized. The plasma AUC 48 h and C max targets were extrapolated from animal models of hypoxic-ischemic brain injury, and the exposure needs in neonates may differ. We were also only able to examine the exposure of Epo in plasma. The importance of achieving specific Epo exposures in the brain is not known but may be critical. Nonetheless, the exposure matching approach used in this study represents an evidenced based pharmacokinetic framework to evaluate Epo dose needs in neonates with HIE receiving hypothermia.
Conclusions
In neonates with HIE receiving hypothermia, Epo pharmacokinetics were significantly influenced by birth weight. After accounting for birth weight, variation in pharmacokinetics between neonates was low, and no other significant predictors were found. A dose of 1,000 U/kg every 24 h for the first 2 d of therapy followed by every 48 h for 4 d resulted in consistent achievement of target exposures associated with neuroprotection in animal models of hypoxic-ischemic brain injury. These findings support the use of this Epo dosing strategy for future efficacy studies in neonates with HIE receiving hypothermia.
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